Abstract-Low heart rate (HR) variability is associated with increased risk of cardiovascular morbidity and mortality, but the causes and mechanisms of this association are not well known. This prospective study was designed to test the hypothesis that reduced HR variability is related to progression of coronary atherosclerosis. Average HR and HR variability were analyzed in 12-hour ambulatory ECG recordings from 265 qualified patients participating in a multicenter study to evaluate the angiographic progression of coronary artery disease in patients with prior coronary artery bypass surgery and low high-density lipoprotein cholesterol concentrations (Ͻ1.1 mmol/L). Participants were randomized to receive a placebo or gemfibrozil therapy. The progression of coronary atherosclerosis was estimated by quantitative, computer-assisted analysis of coronary artery stenoses from the baseline angiograms and from repeated angiograms performed an average of 32 months later. The progression of focal coronary atherosclerosis of the patients randomized to placebo therapy was more marked in the tertile with the lowest standard deviation of all normal to normal R-R intervals ( Key Words: coronary artery disease Ⅲ lipids Ⅲ heart period Ⅲ angiography E levated heart rate (HR) and reduced HR variability are associated with an increased risk of cardiovascular morbidity and mortality in various populations, 1-8 but the pathophysiological link between these associations is not well understood. Experimental studies on monkeys fed an atherogenic diet have demonstrated a relationship between resting HR and progression of coronary atherosclerosis, 9 -11 and there is also a strong relationship between HR and arterial stiffness, 12 but there has been little evidence of any association between HR, or its variability, and human coronary atherosclerosis.
levated heart rate (HR) and reduced HR variability are associated with an increased risk of cardiovascular morbidity and mortality in various populations, [1] [2] [3] [4] [5] [6] [7] [8] but the pathophysiological link between these associations is not well understood. Experimental studies on monkeys fed an atherogenic diet have demonstrated a relationship between resting HR and progression of coronary atherosclerosis, 9 -11 and there is also a strong relationship between HR and arterial stiffness, 12 but there has been little evidence of any association between HR, or its variability, and human coronary atherosclerosis.
Progression of coronary artery stenoses in repeated coronary angiograms increases the risk of adverse cardiac events, suggesting that rapid progression predisposes patients to acute complications of coronary artery plaques and serves as a surrogate end point for clinical events. 13, 14 Lipid-modifying therapy has been shown to prevent the progression of coronary atherosclerosis, confirming that abnormalities in plasma lipid concentrations are strongly associated with the progression of coronary artery disease and the occurrence of adverse clinical events. 14 However, lipid theory may not explain all aspects of coronary artery disease, eg, the rapid progression of discrete stenoses in specific coronary arterial regions, which is thought to result from an interplay of hemodynamic, metabolic, and hemostatic factors. [15] [16] [17] [18] To test the hypothesis that elevated HR and reduced HR variability are associated with the progression of human coronary atherosclerosis in patients with lipid abnormalities, we studied HR and its variability, measured by ambulatory ECG, and the angiographic progression of coronary artery disease in patients with reduced HDL cholesterol concentrations.
Methods

Patients and Study Protocol
Three-hundred and five men aged Ͻ70 years, randomized in a double-blind fashion to receive either slow-release gemfibrozil or a matching placebo in the Lopid Coronary Angiography (LOCAT) trial, underwent ambulatory ECG recordings before the baseline angiographic examination. The inclusion and exclusion criteria have been described in detail recently. 19 In brief, all the patients had previously undergone coronary bypass surgery, and they also fulfilled the following inclusion criteria at two consecutive screening visits: HDL cholesterol Յ1.1 mmol/L, LDL cholesterol Յ4.5 mmol/L, and serum triglycerides Յ4.0 mmol/L. In addition, they had blood pressure Յ160/95 mm Hg, body mass index Յ30 kg/m 2 , left ventricular ejection fraction Ն35%, no history of diabetes, fasting glucose concentration Ͻ7.8 mmol/L, and no condition requiring therapy with calcium channel blockers, ACE inhibitors, or diuretics. Details of the entry criteria and screening process, clinical visits, and laboratory analyses have been described previously. 19, 20 All patients provided written informed consent, and the study was approved by the ethics committees of the participating hospitals. All the patients underwent comprehensive clinical examinations, bicycle exercise tests, and received detailed dietary counseling at the baseline stage. Fasting serum triglycerides, cholesterol, HDL and LDL cholesterol, and blood glucose were measured by methods described previously. 19, 20 
Coronary Angiography
Native coronary arteries and bypass grafts were imaged at baseline and at the end of the trial (32Ϯ3 months after the baseline angiogram) as described previously. 19 -21 The images were analyzed with the Cardiovascular Measurement System (Medis) by a single trained technical analyst. The accuracy and reproducibility of the angiographic analyses have been shown to be comparable to those reported previously by other investigators. 21 All angiographic analyses and handling of the data were done by persons blinded to the treatment group and ambulatory ECG data.
The progression of atherosclerosis was defined by measuring the change from the baseline to the follow-up angiogram in the average diameter of the coronary artery segments and the minimum luminal diameter of the discrete stenoses. Per-patient means of these variables were calculated in 3 types of native coronary segments, differing in their relation to the bypass grafts, ie, unaffected, graft affected (proximal to graft insertions and hemodynamically related), and graft-dependent (distal to graft insertions). Per-patient means were also calculated for the average and minimal diameters in all native segments. New lesions were defined as stenoses in the follow-up angiogram causing at least 20% diameter reduction that were not present on the baseline angiogram.
HR Variability Analyses
The prospective study of the effects of HR variability on progression of coronary artery disease was performed by recording ambulatory ECG after informed consent on the day before the baseline coronary angiography, or 1 day after the angiography. Patients with acute cardiovascular events, ie, myocardial infarction, unstable angina pectoris, or stroke between the baseline and repeat angiogram; patients with atrial fibrillation; and those with technically inadequate ECG recordings were excluded. After exclusions, 265 patients were included in the study. Ambulatory ECG recordings were performed between 6 PM and 10 AM, including at least 4 hours awake and 4 hours asleep.
The ECG data were sampled digitally and transferred from the Oxford Medilog scanner to a microcomputer for analysis of HR variability. 22 All the R-R interval time series were first edited automatically, after which careful manual editing was performed by visual inspection of the R-R intervals. Each R-R interval time series was passed through a filter that eliminates premature beats and artifacts, and deletes the filling gaps, using previously described methods. 22, 23 Only recordings with qualified beats for at least a 12-hour period, and with Ͼ85% of qualified sinus beats, were included in the analysis of HR variability (nϭ265).
After editing of the R-R interval tachograms, the R-R interval spectra were generated. A Fast Fourier transform method was used to estimate the power spectrum densities of HR variability. 23 Frequency domain measures of R-R interval variability were computed by integrating the point-power spectrum over the frequency intervals. The power spectra were quantified by measuring the areas in the following frequency bands: (1) Ͻ0.0033 Hz (ultra-low frequency power), (2) 0.0033 to Ͻ0.04 Hz (very low frequency power), (3) 0.04 to 0.15 Hz (low frequency power), and (4) 0.15 to Ͻ0.4 Hz (high frequency power). The standard deviation of all normal-tonormal R-R intervals (SDNN) was used as a time-domain measure of HR variability. The average HR was measured for each hour of the recording period, and the minimum, maximum, and average R-R intervals were calculated.
Statistical Analyses
The patients were divided into tertiles according to the baseline HR variability, and ANOVA followed by Bonferroni post-hoc analysis was used to compare the continuous variables between these tertiles. ANCOVA was used for adjustments for possible confounding effects of various variables on differences between the groups. Pearson's correlation coefficients were used to estimate the linear correlations between continuous variables. The 2 test was used to compare categorical variables. Linear multiple regression analysis (stepwise forward analysis, SPSS for Windows, version 6.0) was used to assess the predictors of the progression of coronary atherosclerosis. Data are presented as meanϮstandard deviation (SD) in all Tables.
Results
Relation of Baseline Characteristics to HR Variability
Patients were divided into tertiles according to baseline HR variability; SDNN was 74Ϯ13 ms in the lowest tertile, 104Ϯ7 ms in the middle tertile, and 145Ϯ25 ms in the highest tertile. Baseline demographic characteristics, history and symptoms of heart disease, cardiac medication, results of exercise tests, number of randomized patients, and laboratory data are shown in Table 1 . The blood glucose level was higher in the tertile with the lowest SDNN than in the highest tertile, but no other variable, eg, age, blood pressure, lipid values, duration of coronary artery disease, medication, presence of angina pectoris, ischemia during exercise test (Table 1) , or left ventricular ejection fraction (Table 2) , differed across the tertiles.
Angiographic Progression of Coronary Artery Disease
The progression of coronary artery stenoses, as assessed from the per-patient decrease in the minimum luminal diameter of all native vessels, was more marked in the patients with the lowest SDNN than in the middle and highest tertile ( Figure  1 ). This difference was observed as a per-patient change in all native segments, Ϫ0.11 mm (95% CI, Ϫ0.15 to Ϫ0.07 mm) in the lowest tertile, Ϫ0.06 mm (95% CI, Ϫ0.09 to Ϫ0.04 mm) in the middle tertile, and Ϫ0.03 mm (95% CI, Ϫ0.06 to 0.001 mm) in the highest tertile (PϽ0.01 between the tertiles); the difference was evident in both the native vessels without bypass grafts and the proximal portions of grafted native vessels (Table 2) but not in the grafted distal coronary artery segments. The difference in the per-patient change in minimal luminal diameter remained significant among the HR variability tertiles after adjustments to all baseline variables, including randomization to lipidmodifying therapy (ANCOVA, Fϭ4.7, Pϭ0.01). In the total study group, a significant correlation existed between the baseline SDNN and the change in the minimum luminal diameter of all the native vessels (rϭ0.26, PϽ0.001).
Twenty-four patients were found to have new coronary artery lesions in repeated coronary angiograms. There were no differences in HR or HR variability, ie, SDNN 110Ϯ26 versus 108Ϯ32 ms (not significant [NS] ), between the patients with and without new stenoses.
Comparison of Placebo and Gemfibrozil Groups
The relationship between the progression of focal coronary atherosclerosis and HR variability was observed only in the patients randomized to placebo treatment (Figure 2 ), but no significant relationship was observed in those receiving gemfibrozil therapy (Figure 3 ). Marked progression of focal atherosclerosis was observed mainly in the patients with the lowest SDNN in the placebo group, ie, decrease in the mean per-patient minimal luminal diameter of all native segments Ϫ0.17 mm (95% CI, Ϫ0.23 to Ϫ0.12 mm) in the lowest tertile, Ϫ0.05 mm (95% CI, Ϫ0.08 to Ϫ0.01 mm) in the middle tertile, and only Ϫ0.01 mm (95% CI, Ϫ0.04 to 0.02 mm) in the patients with highest HR variability (PϽ0.001 between the tertiles; Figure 2) . A significant correlation was observed between the baseline SDNN and the change in the minimal luminal diameter of all native vessels (rϭ0.44, PϽ0.001) in the placebo group. In the gemfibrozil group, the per-patient change in the minimum luminal diameter was Ϫ0.03 mm (95% CI, Ϫ0.07 to 0.02 mm) in the lowest SDNN tertile, Ϫ0.07 mm (95% CI, Ϫ0.12 to Ϫ0.03 mm) in the middle tertile, and Ϫ0.05 mm (95% CI, Ϫ0.11 to 0.01 mm) in the highest tertile, respectively (NS; Figure 3) ; no correlation was observed between the SDNN and the change in the minimum luminal diameter (rϭ0.08, NS).
Predictors of Progression of Coronary Atherosclerosis
The patients were also divided into tertiles according to the per-patient change in the minimum luminal diameter of all native-segment stenoses. Patients in the lowest tertile had a marked progression of focal atherosclerosis (decrease in the minimum luminal diameter Ϫ0.25Ϯ0.11 mm), minimal or no progression was observed in the middle tertile (Ϫ0.05Ϯ0.04 mm), and regression of focal atherosclerosis was observed in the highest tertile (0.10Ϯ0.07). The progression of discrete coronary stenoses was related to the time-domain measures of HR variability, also when normalized by reference to the averaged HR, and to all the spectral components of HR variability (Table 3) . Minimum HR (during sleep) was also faster in the patients with marked progression of discrete stenoses than in those with minimal progression or regression, but the maximum HR (awake) did not differ between the groups. 
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In univariate analyses, the per-patient change in the minimum luminal diameters of the stenoses in all native vessels was related to SDNN (PϽ0.0001), triglyceride level (Pϭ0.009), randomization to placebo or gemfibrozil (Pϭ0.003), minimum HR (Pϭ0.02), and to systolic and diastolic blood pressure (Pϭ0.02 for both), but not to any other measured variable. In a multiple regression analysis, the change in the minimum luminal diameter was best predicted by the SDNN (␤ϭ0.24, Pϭ0.0001) and triglyceride level (␤ϭϪ0.16, Pϭ0.009); no other variables entered the equation.
Discussion
The main observation was that reduced HR variability, as analyzed from ambulatory ECG, predicted the progression of human coronary atherosclerosis. These data corroborate previous evidence on the significance of HR variability for clinical manifestations of coronary artery disease. [1] [2] [3] [4] [5] [6] [7] The association between low HR variability and the progression of coronary artery disease was not explained by common risk factors for atherosclerosis, or by the severity of ischemic heart disease at the time of analysis of HR variability, supporting the view that there may be an independent relationship between HR variability and the progression of coronary atherosclerosis. Despite the epidemiological evidence of an association between low HR variability and cardiovascular mortality, [5] [6] [7] the causes and mechanisms of this association have not been well known. Follow-up and case-control studies in patients after myocardial infarction have suggested that low HR variability predicts the occurrence of arrhythmic events, 24, 25 but results in other populations suggest that reduced HR variability may also predict the occurrence of vascular events, such as angina pectoris, myocardial infarction, and coronary death. 7, 23 The present observations give an insight into the pathophysiology, and mechanisms for the observed clinical associations, showing that reduced HR variability is related to accelerated progression of coronary atherosclerosis, rather than being a consequence of severe ischemic heart disease itself.
Elevated casual HR has been shown to predict cardiovascular mortality in a number of large-scale prospective epidemiological studies. [1] [2] [3] Ambulatory ECG recordings have shown that the minimum HR measured during a 24-hour period is even more closely related to cardiac events than the casual HR or 24-hour average HR, 26 and blunted circadian rhythm of autonomic modulation of HR has been described in patients with coronary artery disease. 22 In this study, the elevated minimum HR during sleeping hours, but not the maximum HR, was found to be related to the progression of coronary artery stenoses, also providing a possible explanation for the prior epidemiological and clinical observations. [1] [2] [3] The observed associations between HR, HR variability, and progression of focal atherosclerosis may be explained by hemodynamic factors, effects of the autonomic nervous system, or a combination of these factors. The role of hemodynamic factors in the localized nature of coronary artery disease, ie, localization of coronary stenoses to specific proximal portions of the coronary arteries around the arterial branches, has been speculated upon in earlier studies, and it has been shown that hemodynamic factors may play an important role in the progression and regression of these lesions. 8, 15 The present observations support the concepts of these experimental findings by showing that reduced HR variability, and elevated minimum HR, predicted the progression of discrete coronary stenoses located in the proximal portions of native coronary vessels, but not the progression of diffuse disease, or the development of new coronary lesions. The lack of association between HR variability and progression of diffuse atherosclerosis may be explained by different impacts of hemodynamic factors on progression of focal and diffuse atherosclerosis, and by the interaction between bypass grafts and local hemodynamics. Hemodynamically mediated mechanisms of atherosclerosis may be more closely related to geometric aspects of vulnerable areas, ie, discrete lesions proximal to bypass grafts but not distal diffuse disease, which promote eddy formation, low shear, and increased exposure to blood-born elements that are atherogenic. Abnormal baroreflex-mediated HR fluctuation and elevated HR have also been associated with increased arterial stiffness, 12, 27 and frequency-dependent arterial stiffness may have influence on progression of atherosclerotic lesions. 
TABLE 3. Heart Rate Variability and Heart Rate in Relation to the Progression of Focal Coronary Atherosclerosis
The mechanism linking hemodynamic factors to the progression of discrete localized coronary lesions has been proposed to be the effects of blood flow dynamics on the arterial wall. 28 Movements of atherogenic particles over the endothelium, and vascular smooth cell proliferation, are affected by the fluid velocity and flow characteristics in the vicinity of the endothelium. 28, 29 Recirculation and turbulence in the blood flow, and changes in shear stress, have been shown to result in morphological changes in the vascular endothelial cells and in intimal thickening, promoting accumulation of atherogenic particles within the endothelium. 15, 29, 30 Enhanced pulsatile flow has been observed to foster turbulence and recirculation, 31 and this has been proposed to be a mechanism whereby a fast HR accelerates the progression of discrete coronary stenoses in monkeys fed an atherogenic diet. 9 A combination of fast HR during sleep and enhanced de novo synthesis of lipid particles observed during sleeping hours 32 may accelerate the progression of human atherosclerosis. Loss or reduction of beat-to-beat variation in pulsatile flow, in addition to an elevated rate, may favor the localization of turbulence and recirculation to the same, specific anatomic segments of the arterial wall, further enhancing the atherosclerotic process in these localized areas.
The autonomic nervous system may also affect coronary atherosclerosis. 9, 33 Reduced HR variability and elevated HR result from altered cardiac autonomic regulation with sympathetic predominance and/or reduced vagal tone. Increased sympathetic tone with elevated catecholamine levels may have direct effects on vascular smooth muscle cells, 34 or it may affect other factors promoting the progression of atherosclerosis. 35 The combined effects of HR variability on local fluid dynamics and the effects of autonomic nervous system may contribute to the observed progression of focal coronary atherosclerosis, but further investigations will be needed to elucidate the exact mechanisms.
The present observations cannot confirm any direct causal relationship between reduced HR variability and the progression of coronary artery disease because we cannot exclude the possibility that low HR variability may be an indicator of other factors, not measured here, in relation to the progression of atherosclerosis. It is possible, for example, that there may be a genetic link between HR variability and atherogenesis, independent of hemodynamics or the autonomic nervous system. The present observations may likewise not be applicable to other populations with different risk factors for atherosclerosis because only male patients with previous bypass surgery and a specific lipid abnormality were included. Of potential interest for future research is the role of impaired HR variability in other populations, eg, in diabetic subjects or patients with heart transplants, because both groups commonly experience rapid progression of atherosclerosis and reduced HR variability.
HR variability was the strongest independent predictor of the progression of focal coronary atherosclerosis in this population, and lipid-modifying therapy seemed to prevent progression mainly in the tertile of patients with the lowest HR variability. Whether recordings of long-term ambulatory ECG and measurement of HR variability will help in selecting patients for more aggressive antiatherogenic therapy merits further investigation.
